Size composition and growth pattern of the Japanese mitten crab Eriocheir japonica (de Haan, 1835), Varunidae, in their natural habitat was investigated. Crabs were collected using hand-held nets in the Saigo River and the adjacent seacoast in Fukuoka Prefecture, Japan. The dynamics of carapace width (CW) frequency distribution were analyzed and cohorts were identified from polymodal size distribution using Bhattacharya's method. In the lower tidal river and seacoast (Area I, reproductive area of the crabs), adult crabs comprising at least four cohorts were collected. From monthly data for 29 months (January 1997-May 1999) collected from the upper tidal to the lower freshwater area (Area II, growth area of the crabs), two cohorts that had settled in different seasons (fall and early summer) were confirmed for each year. Both cohorts reached minimum adult size (ca. 35 mm , CW and 45 mm , CW, average) in fall 2 years after settlement. This suggests that adult crabs in the tidal area (Area I) mostly comprise two cohorts of 2-year-olds (ca. 24 and 29 months) and two cohorts of 3-year-olds (ca. 36 and 41 months) after settlement.
INTRODUCTION
The Japanese mitten crab Eriocheir japonica (de Haan, 1835) is a varunid crab widely distributed in eastern Asia, including Sakhalin, east Korea, the entire Japanese archipelago except Ogasawara Islands, Taiwan, and Hong Kong (Miyake, 1983) . This crab is a common large benthic species [often over 60 mm carapace width (CW)] distributed from the upper region of rivers to tidal river and seacoast. It is a catadromous species, i.e., migrating from freshwater rivers to the sea to reproduce (copulation and oviposition: Kobayashi, 1999; Kobayashi and Matsuura, 1991, 1995a, b) . In many Japanese rivers, this crab is an important fishery target and its populations have been exposed to strong fishing pressure. Several experimental stations and fishery associations perform restocking management programs, which include seed production and release of young crabs (Kobayashi et al., 1997) .
In recent years many studies of E. japonica have been conducted in Japan and the outline of its life cycle has been revealed (Kobayashi, 1998 (Kobayashi, , 1999a (Kobayashi, , b, 2001 (Kobayashi, , 2003 (Kobayashi, , 2005 (Kobayashi, , 2006 Kobayashi and Matsuura, 1991, 1995a, b; Okamoto, 2004; Suzuki et al., 1998; Yamasaki et al., 2006) . The reproductive area of E. japonica where mating, oviposition, and hatching are carried out is the lower tidal river and adjacent seacoast (Kobayashi and Matsuura, 1995a, b; Kobayashi, 2003) . After planktonic larval stages develop in the open ocean, settlement and metamorphosis occurs in the upper tidal river (Kobayashi, 1998) . Young crabs migrate upstream to the freshwater area and disperse widely along the river. Within freshwater rivers, the population density of E. japonica is high in the lower and middle regions, decreasing upstream (Kobayashi and Matsuura, 1991, 1995c; Kobayashi, 2003) . Crabs grow in the freshwater area and migrate downstream to the reproductive area in fall, after attaining maturity through molts from juvenile to adult stages (terminal molt). These adult crabs die after one reproductive season at the river mouth or seacoast (Kobayashi, 1999) .
Mitten crabs, therefore, spend a considerable amount of their lives in freshwater rivers, and an understanding of their growth pattern in the freshwater areas is essential for the appropriate management of natural populations. However, compared to studies on the reproductive phase of crabs in the marine environment few studies on the river phase are present. Especially, detailed growth pattern and age at maturity of mitten crabs in the river phase remain to be clarified. There have been difficulties in investigating entire populations in large rivers where mitten crabs are abundant because they are widely dispersed along the course of rivers. In addition, the growth rate of the crabs varies widely depending on the environmental conditions such as food supply and temperature (Hartnoll, 1982) , and the results from rearing experiments cannot be directly applied to their natural growth patterns, especially for mitten crabs that appear in various environmental condition from upper tidal river to mountain stream in various climate zones.
Thus, It is better to directly analyze local populations to estimate the total growth process of E. japonica. I selected a small river flowing into the open seacoast as the study site (Saigo River, Fukuoka Prefecture, Japan). Crabs in this river can be recruited from adjacent large rivers through plantonic larvae via sea. Using data obtained, I have JOURNAL OF CRUSTACEAN BIOLOGY, 31(4): 653-659, 2011 previously reported some ecological information of E. japonica (Kobayashi, 1998 (Kobayashi, , 2003 (Kobayashi, , 2006 . In the present study, I estimate the growth process and age at maturity of mitten crabs in the freshwater area by cohort analysis using carapace width frequency distribution.
MATERIALS AND METHODS

Study Area
The study area was the lowest 2 km of the Saigo River and the adjacent seacoast in Fukutsu City, Fukuoka Prefecture, Japan (33 u469N, 180 u309E, Fig. 1 ). The main stream of the Saigo River is nearly 6 km in length, running through paddy fields and residential areas of the Fukutsu City into the open coast of the Genkai-nada Sea. Preliminary surveys suggested that E. japonica was widely distributed along the course of the river up to 5-km upstream from the river mouth but was not as abundant in the upper region as in the lower region. Thus, in the present study, crabs were collected only from the lower region. Two areas (Areas I and II) including seven sampling sites (Sites 1-7) were established in this region. Area I comprised three sites: Site 1, intertidal and shallow subtidal zones of the seacoast near the river mouth; Site 2, the lower tidal river area near the river mouth; Site 3, middle tidal river area. Thus Area I was lower than the middle tidal river area, whereas Area II was further upstream from the upper limit of the tidal river area to the freshwater area. The upper limit of the tidal river area was selected as Site 4. At Site 4, there is a weir of nearly 50 cm high with a fish way made of concrete (about 3 m wide and 6 m long). Three other freshwater sites, located within 1 km upstream, were selected as sampling sites (Site 5-7). Area I is the reproductive area of E. japonica; adult crabs after migration from freshwater river mostly occurred in Site 1 and Site 2. Mating pairs and ovigerous females were collected in this area (Kobayashi, 2003) . Area II is the growth area; the settlement of young crabs was concentrated at Site 4 and juveniles migrated upstream through the weir to Sites 5-7 (Kobayashi, 1998) .
The salinity (%) was measured in each station using specific gravity meter during the ebb tide in 10 July 1997, that of the interstitial water (within 5 cm deep from the bottom surface) was all 0.0 in three freshwater sites (Sites 5, 6 and 7). It varied from 0.0 to 1.8 in Sites 2, 3 and 4 and from 2.6 to 3.0 in Site 1. As for the river water (within 5 cm deep from water surface), the salinity was 0.0 (Sites 3, 4, 5, 6 and 7), , 0.5 (Site 2) and 2.6-2.9 (Site 1) (Kobayashi, 1998) .
The water temperature at Site 4 measured from July 1996 to September 1997 varied from 8.2 uC (January) to 30.0 uC (August). It was generally below 10.0 uC from December to February (Kobayashi, 1998) .
Sampling
Sampling of E. japonica was mainly performed in the daytime during the spring tide over two periods in Area I: one to three times a month from September 1996 to June 1997 June (1996 June -1997 and from October 1997 to May 1998 May (1997 May -1998 . The exact dates are given in Table 1 . In Area II, sampling was mainly performed in the daytime twice a month from January to October 1997, and approximately once a month from December 1997 to March 1999. Area I was searched for crabs during the ebb tide on sunny and windless days. A sampler wearing waders searched each site for approximately 30 min. Mitten crabs hiding under rocks, buried in the surface of the substratum and wandering about were captured using a hand-held net (mesh size 1.0 mm) both under water (in all areas) and above the water line (only in the intertidal area). The water depth of the sampled areas ranged from 0 cm (exposed, intertidal zone at tidal sites) to 60 cm regardless of the amount of flowing water. Sampling was not quantitative because the population density was very low, and all areas in each site could not be equally surveyed due to the flow rate and tidal conditions.
Carapace width (CW) of crabs was measured using a vernier caliper. Crabs having . 10 mm CW can be sexed from their abdominal morphology by the naked eye, but both sexes were combined when analyzing the size composition because catch number was often too small for each sex for meaningful analysis of data, and combined data fitted better to a normal distribution. In addition, previous papers have reported that size ranges of adults completely overlap and do not differ greatly between sexes except the bias of proportion in each size group. The smallest and the largest crabs are usually male, but small crabs are malebiased (proportion of females to the total crabs is ca. 40%) and large crabs are female-biased (ca. 70%, Kobayashi and Matsuura, 1996; Kobayashi, 2003) . It suggested that growth pattern during the juvenile stage individually varies with the bias in each sex but does not differ totally much between sexes. Data collected in Area I within the same reproductive period (from September to the next June) was combined because adult crabs occurring in the reproductive area were assumed to die after reproduction without growth during the period, and all adult crabs were terminal stages regardless their sizes (Kobayashi and Matsuura, 1995) . Data collected in Area II was separated for each day because crabs grow temporally in this Area.
Size-frequency histograms were constructed for populations in each site to detect the recruitment and growth patterns. Cohorts in each population were identified using the Electric Length Frequency Analysis (ELEFAN I) routine of the FISAT II package (FAO, 2002) , based on modal progression analysis of size-frequency data using Bhattacharya's method. Average CW (6 SE) and proportion was calculated for each identified cohort. The word 'cohort' is usually used as year class born in same reproductive period, but here I simply use this word for detected groups by cohort analysis method, and for a group of crabs that have settled in the same season and year to facilitate understanding of the explanation.
RESULTS
Area I
Minimum and maximum CW collected in Area I were 28.9 and 79.4 mm in males (n 5 115) and 39.5 and 68.1 mm in females (n 5 90) from fall 1996 to summer 1997, and 32.1 and 68.5 mm in males (n 5 139) and 36.5 and 62.5 mm in females (n 5 125) from fall 1997 to summer 1998. Fig. 2 shows the size frequency distributions of collected crabs with the applied normal distributions and average size of detected cohorts. The sample comprised at least four dominant cohorts with similar average sizes for both periods. The average size in each cohort was 39.7, 47.8, 56.8 and 65.3 mm CW collected in 1996 -1997 , and 39.1, 46.6, 54.8 and 61.0 mm CW collected in 1997 -1998 . In the former period, one additional small crab (28.9 mm CW) and two large crabs (79.0 and 79.4 mm CW) were collected. This suggested the presence of additional cohorts, but they comprised 1.0% or less of the sample. Detected cohorts were numbered from the smallest. Two small-sized cohorts (Cohort 1 and Cohort 2) in each period accounted for over 80% of the adult crabs (84.5% and 81.1%). The proportion of each cohort was slightly different between two periods and percentage of the sample classified as Cohort 3 was larger in 1996-1997 (17.3%) than in 1997-1998 (9.0%).
Area II Fig. 3 shows the temporal change in CW frequency distribution with applied normal distributions and the average size of detected cohorts collected in Area II (growth area of the mitten crab) over 29 months (January 1997 -May 1999 . In each size histogram, two to six cohorts could be detected. Two cohorts that settled in different seasons, mid-fall (October-November) and early summer (May-June), were confirmed in each year.
The growth pattern of each cohort detected during the 29 months is illustrated using the temporal change in the average CW and the standard error in each cohort (Fig. 4) . New recruits (first-instar crabs) are nearly 2 mm CW and start molting growth just after settlement. Growth rate was high from spring to fall (March-November), but was very low in winter (December-February). The cohorts that settled in fall (October-November) reached 15-20 mm CW by November at 1 year of age (12 months), 35-40 mm CW by November at 2 years of age (24 months), and 50-55 mm CW by November at 3 years of age (36 months). The other cohorts that settled in early summer (May-June) reached 10-15 mm CW by June at 1 year of age (12 months) and 30-35 mm CW by June at 2 years of age (24 months). Both cohorts reached the size range of the dominant small adult cohort obtained in Area I (Cohort 1; ca. 35-45 mm CW and ca. 39 mm CW average) at the earliest in fall 2 years after settlement (dotted line in Fig. 4) . Although the smallest adult was 28.9 mm CW (Cohort 0), this case was considered an anomaly because its percentage frequency was very low (0.5%) and similarly small adults were not collected from other sampling sites (Kobayashi and Matsuura, 1991, 1996) . The cohorts that settled in fall had grown to 35-40 mm CW by November at 2 years of age, corresponding well with the size range of the smallest adult cohort in Area I (Cohort 1; ca. 35-45 mm CW). The other cohorts that settled in early summer reached 40-50 mm CW by November at 2 years of age, corresponding with the size range of the second small adult cohort in Area I (Cohort 2; ca. 45-55 mm CW).
DISCUSSION
The present results show the growth pattern of juvenile E. japonica in the lower area of a small river. Settlement mainly occurred in two seasons, mid-fall and early summer. New recruits continue to grow from April to November. Kobayashi (2003) reported that exuviae and soft-shell crabs were found only from late March to November, and suggested that crabs did not show molting growth during the winter (December-February) when the water temperature dropped below 10 uC. Present result also showed that growth of E. japonica depended on the water temperature. In fall, 2 years after settlement, they attain a size within the range of the adult cohorts. A large proportion of crabs (over 80%) attain maturity and migrate downstream to the reproductive area, but some remain continue to grow over the next year in the freshwater area.
Previous population studies have revealed that the growth pattern of E. japonica shows clinal variation along r Fig. 3 . Temporal change in carapace width frequency distributions of Eriocheir japonica collected in Area II (growth area) from January 1997 to May 1999, with normal distributions applied (curve) and average value (triangular symbol) of each detected cohort. Same triangular symbols, which are nearly continuous over collection dates, belong to the same cohorts that have settled in the same season and year. the course of a river, and size at maturity tends to increase further upstream. In the lower freshwater area in rivers where the population density of E. japonica presumed from catch per unit effort (CPUE) is very high, the size at maturity is small. Crabs that attain maturity at a small size migrate downstream to the reproductive area, where they reproduce and die as small adult crabs. In the upper freshwater area where population density is low, size at maturity is large. Crabs that grow larger during the juvenile stage migrate downstream to reproduce and die as large adult crabs (Kobayashi and Matsuura, 1991; 1996) .
The present data collected in the lower freshwater area of the Saigo River (Area II) showed mainly small crabs, mostly smaller than 50 mm CW. Small adults of approximately 35-50 mm CW emerged in fall in this area and disappeared in winter. However, in the reproductive area (Area I), larger adults (two or three cohorts larger than 50 mm CW; Cohorts 3-5) were also collected in addition to small adults (two cohorts; Cohorts 1 and 2). These large adults are considered to have migrated from the upper area of the Saigo River. Although the number was small, the presence of cohorts at 3 years after settlement (50-55 mm CW) collected in Area II suggested that the large crabs emerging in the reproductive area (Area I) were ones which continued to grow at the juvenile stage for more than 2 years in the freshwater area. In the Kamino-Kawa River, Kagoshima Prefecture, middle-sized juveniles (. 25 mm CW) remaining in the freshwater area in late fall were rare in the lower region, but some were present in the upper region. In the following year, these crabs grew larger in spring and mostly attained maturity as large adults in the upper region (. 50 mm CW) in fall (Kobayashi and Matsuura, 1991) . Therefore, adult crabs in the reproductive area (Area I) are estimated to mostly comprise two cohorts of 2-year olds migrating from the lower freshwater area (Cohorts 1 and 2 ; 39.7 and 47.8 mm CW average in 1996 -1997 and 39.1 and 46.6 mm CW average in 1997 -1998 , two cohorts of 3-year olds mainly from the upper freshwater area (Cohorts 3 and 4; 56.8 and 65.3 mm average in 1996 56.8 and 65.3 mm average in -1997 56.8 and 65.3 mm average in and 54.8 and 61.0 mm CW average in 1997 56.8 and 65.3 mm average in -1998 and one cohort of 4-year olds from the upper freshwater area (Cohort 5; 79.2 mm CW average in 1996 79.2 mm CW average in -1997 .
The proportion of each cohort was slightly different between two periods. It is due to the population dynamics of each cohort. It can be predicted that the size composition of adult crabs and proportion of each cohort in the reproductive area (Area I) show yearly fluctuation depending on the fluctuation of recruitment and survival of each cohort in the growth area (Area II).
According to the growth pattern of E. japonica in the growth area (Area II), we can roughly estimate the ages of the adult crabs that occurred in the reproductive area (Area I); most adult crabs (98% or more) comprised two cohorts at 2 years and two cohorts at 3 years after settlement (Table 2 ). For example, the smallest cohort of them (Cohort 1, 39.7 mm CW average size) in 1996-1997 was derived from recruits that settled in the fall of 1994 (ca. 24 months old in November 1996), the second small cohort (Cohort 2, 47.8 mm CW average size) was derived from those settled in the early summer of 1994 (29 months old), the third cohort (Cohort 3, 56.8 mm CW average size) from those that settled in the fall of 1993 (36 months old), and the fourth cohort (Cohort 4, 65.3 mm CW average size) from those that settled in the early summer of 1993 (41 months old). Exceptionally small adult (Cohort 0, 28.9 mm CW) is estimated to be 17 months old (settled in early summer of 1995). Another cohort of large adults (Cohort 5) is estimated to be 4 years old, but exact season of settlement cannot be confirmed because of the small number and size gap from other cohorts.
Although no comparable scientific data has been published on the growth pattern of E. japonica in other regions, the presence of regional variation can be easily presumed because the growth rate of this crab depends on water temperature. This species is widely distributed in eastern Asia from the subtropical zone to the sub-frigid zone. In the subtropical zone, water temperature in rivers remains above 10 uC all year round. The average air temperature throughout the year is higher than 16 uC in Naha, Okinawa (Japan Meteorological Agency). Thus, there is no resting season during the growth of these crabs. The total growth rate may be higher in this area than that in temperate areas, and crabs can attain maturity in a short time or grow larger. While in the sub-frigid zone, the average water temperature is lower and the duration of the resting season when the temperature is below 10 uC, is much longer than in the temperate zone. In Sapporo, Hokkaido, the average air temperature is below 10 uC for 6 months from November to April (Japan Meteorological Agency). The total growth rate of mitten crabs can be very low and they require a long time to attain maturity in these areas. Regional variation of growth pattern has been already known in a congener, the Chinese mitten crab E. sinensis H. Milne-Edwards 1854. This crab takes 3-5 years to attain maturity in northern Europe (Gollasch, 1999; Panning, 1939) , while it takes 1-2 years in south and central China (Hymanson et al., 1999; Zhang et al., 2001) . Information on the size composition of adults, duration of seasons suitable for growth and growth pattern of juvenile crabs for other areas is required to confirm regional variation in the growth pattern of E. japonica.
